Abstract-In this paper, one helicopter model with two degrees of freedom (2-DOF) is controlled by fuzzy sliding mode control with boundary layer (FSMC-BL) while exposed to disturbance. The model is a nonlinear and multi-input multi-output (MIMO) system that requires a MIMO, robust, stable, and nonlinear control to reject the disturbance. These requirements have been satisfied by SMC. In this paper, boundary layer removes the chattering phenomenon and fuzzy logic tunes the switching gains of SMC control law online. The simulation results which are achieved for step and sinusoidal disturbances applied to both pitch and yaw angles, are compared with those of PID control based on linear quadratic regulator algorithm (LQR-PID). Considerable improvement in control signal and yaw angle is observed by using FSMC-BL.
INTRODUCTION
Helicopters are important conveyance due to their capabilities to move in different directions that allow the helicopter to be used in 'hovering', 'rescue operations' and landing in congested areas where it is not possible for fixedwing aircrafts.
The pitch and yaw angles are two important parameters in controlling the helicopters. Two-degree-of-freedom (2-DOF) helicopter is a small helicopter setup with two analog outputs as pitch and yaw angles that can be used for studying on helicopter control. This system has a nonlinear MIMO model. However, it has usually been studied in recent researches with a linearized model or with a nonexact nonlinear model that leads to uncertainty for controlling the system [1] . Besides, some combined controllers suggested for this kind of helicopter are complicated [2] [3] [4] .
In this paper, an exact nonlinear model represented by Quanser Company of Canada using Euler-Lagrange formula has been considered for experimental 2-DOF helicopter [5] . Moreover, sliding mode controller (SMC), which is robust, stable, and a good option for rejecting disturbance, is employed to control the system. The simulated plant is exposed to step and sinusoidal disturbances applied to pitch and yaw angles. The most important problem for SMC is chattering phenomenon because of switching around the sliding surface. Chattering excites high frequency dynamics neglected in the modelling. Some methods have been introduced to remove chattering effect [6] [7] [8] [9] [10] [11] such as introducing a boundary layer around the sliding surface (SMB-BL) which is used in this paper [12] [13] . In addition, some other approaches such as fuzzy logic have been exploited to improve SMC performance [14] [15] . In this paper, a simple fuzzy method is used to tunes the switching gains online that improves the input tracking performance and disturbance rejection. Simulation results are carried out for the pitch and yaw angles and signal control. These results are compared with those of a PID which is designed based on linear quadratic regulator algorithm (LQR-PID) and introduced in company manual [16] . Results demonstrate high performance of FSMC-BL for disturbance rejection on 2-DOF helicopter compared with LQR-PID.
II. TWO DEGREE OF FREEDOM HELICOPTER MODEL
In 2-DOF helicopter, a coupled 2input-2output system can be achieved due to coupling between the pitch and yaw motor torques. So the nonlinear equation governing the motion of this helicopter can be written by using the EulerLagrange formula as [5] 
Moreover, the corresponding linear 2-DOF helicopter state-space matrices are [5] where ș(t) is the pitch angle and ȥ(t) is the yaw angle. u p and u y are the control signals applied to pitch and yaw motors, respectively. The amounts of parameters used in this formula are written in Tabel. 1. 
III. CONTROLLERS DESIGN

A. MIMO Sliding Mode Control with Boundary Layer
For injection of disturbance in time domain, the nonlinear system can be supposed of the form [1, 9, 13] : (3) where the vector d of components d i is the external disturbance vector and x i 's are the components of state vector, x. The uncertainties on f is in additive form, and the uncertainties on the input matrix B is in multiplicative form
Moreover sliding surface, s i , and control law for MIMO sliding mode control with boundary layer are:
sat n r (7) where k is switching gain control and ĳ is boundary layer vector. Assuming that
K J (8) and n (degree of system) equals m (number of inputs) and equals 2, then the components k i 's are obtained from equations (4), (5), and (6) and based on [1, 9, 13] (4) and (5), if F i = D ij = 0, which means that uncertainty is ignored, then from equation (9), the stability condition on control gains can be achieved of the form [17] (10) In the following, by considering the stability condition the switching gains of control law k 1 and k 2 are calculated by using fuzzy logic. In this case, sliding surfaces s i are the inputs of fuzzy control. Moreover, the range of fuzzy output satisfies the stability condition for switching gains.
The membership functions for fuzzy logic are shown in Figure 1 . In addition, by considering the behavior of sliding surface and the effects of switching gains on it, the fuzzy rules are considered as:
B. LQR-PID Control
The PID control gains are computed using the LQR algorithm [16] . The control signals, u p and u y are defined as (11) where
, u I is the integral control, ș d is the pitch set point, K ff is feed-forward gain and u ff is the nonlinear feed-forward control which compensates for the gravitational torque. The PID control gains K PID are calculated by minimizing the cost function (13) and using Eqs. (2) and (11) (12) with the Matlab LQR command [16] .
IV. RESULTS AND DISCUSSION
For the used helicopter, the initial conditions on yaw and pitch angles are 0º and -40.5º, respectively, while the angles set points are defined 40º for both pitch and yaw shown with dotted line in the figures .To investigate disturbance rejection capacity of each controller, the helicopter is exposed to two kinds of disturbances.
The first one is a sinusoidal disturbance with 20 rad/sec frequency during the 10 th sec to the 20 th sec with the amplitude equals to 1. First, the helicopter is controlled with LQR-PID while accepting this sinusoidal disturbance for both pitch and yaw angles. The simulated results for pitch angle, yaw angle, and control signal are shown respectively in Figure 2 (a), (b) , and (c). 
V. CONCLUSION
This paper presented simulation results for controlling a 2-DOF helicopter with multi-input FSMC-BL against external pulse and sinusoidal disturbances applied to pitch and yaw angles. Comparing these results with those of LQR-PID revealed the preference of using FSMC-BL as a nonlinear, robust, and stable controller with reduced fluctuations of output responses and control signals. This superiority is more obvious for yaw angle where overshoot and steady-state error are decreased. In this research, using from fuzzy logic helps to easier online tune of switching gains for disturbance rejection.
